and Streptomyces toyocaensis (teicoplanin) have similar genes to avoid suicide (10, 14) . However, it is unlikely that glycopeptide resistance was directly transferred from glycopeptide producers to enterococci, as inferred by the differences in sequence and GϩC content of the resistance genes, as well as by the failure to reproduce such transfer under laboratory conditions (10, 14) . More likely, other organisms acted as the sources of glycopeptide resistance genes in enterococci or as intermediates between glycopeptide producers and enterococci.
. Our present knowledge of the occurrence of vanA and vanB homologues in nonenterococcal bacteria is based on studies of single strains of Oerskovia turbata and Arcanobacterium haemolyticum (16) , Streptococcus bovis (17) , Bacillus circulans (9) , Paenibacillus popilliae (15) , and Eggerthella lenta and Clostridium innocuum (20) . Glycopeptide producers Amycolatopsis orientalis (vancomycin) and Streptomyces toyocaensis (teicoplanin) have similar genes to avoid suicide (10, 14) . However, it is unlikely that glycopeptide resistance was directly transferred from glycopeptide producers to enterococci, as inferred by the differences in sequence and GϩC content of the resistance genes, as well as by the failure to reproduce such transfer under laboratory conditions (10, 14) . More likely, other organisms acted as the sources of glycopeptide resistance genes in enterococci or as intermediates between glycopeptide producers and enterococci.
We have studied bacteria that were isolated from soil collected at three sites representing the most common landscape types in Denmark (6) and from previously described sites (18) ( Table 1) . Bacteria were isolated using media supplemented with vancomycin (10 g/ml), cycloheximide (100 g/ml) for fungal inhibition, and polymyxin B (5 g/ml) for inhibition of gram-negative bacteria. For actinomycetes, 10 g of air-dried soil was mixed with 90 ml of peptone-buffered water, and 10-fold dilutions were plated on starch casein agar (22) , followed by 5 days of incubation at room temperature. For isolation of endospore-producing organisms, cell extracts obtained by chemical soil dispersion (21) were heated at 80°C for 15 min and subcultured on brain heart infusion agar at 30°C for 3 days.
Glycopeptide-resistant isolates were tested by degenerate PCR for detection of vanA and vanB homologues using primers ddl-fwd (5Ј-TAI CCI GTI TTY GYK AAR CCB GC-3Ј) and ddl-rev (5Ј-GTI ARI CCS GGI ARI GTR TTG AC-3Ј). PCR mixtures were prepared using Ready-To-Go PCR beads (Pharmacia Amersham Biotech) and amplified under the following conditions: (i) an initial step at 95°C for 5 min; (ii) 35 cycles, with 1 cycle consisting of 1 min at 95°C, 1 min at 56°C, and 2 min at 72°C; and (iii) a final extension at 72°C for 10 min.
Of 11 isolates showing PCR products of the expected size (approximately 424 bp), six strains could be differentiated by randomly amplified polymorphic DNA fingerprinting using primers AB 106 (5Ј-TGCTCTGCCC-3Ј) and AB 111 (5Ј-GT AGACCCGT-3Ј). Two strains were identified as Paenibacillus apiarius (PA-B2B) and Paenibacillus thiaminolyticus (PT-2B1) by sequencing the hypervariable HV region of 16S rDNA (DNA coding for rRNA) (positions 70 to 344, Bacillus subtilis numbering) (4) . Two reference strains of P. apiarius isolated in 1973 (NRRL B-4188) and 1975 (NRRL B-4299) were found to contain the same sequence (378 bp) of the PCR product obtained from strain PA-B2B, indicating that acquisition of this gene by P. apiarius was an ancient event that could have preceded the emergence of glycopeptide resistance in enterococci in the 1980s. The remaining four strains belonged to the genus Rhodococcus ( Table 1) .
The MICs of vancomycin and teicoplanin measured using commercial dehydrated panels (SensiTitre; Trek Diagnostics Systems, Cleveland, Ohio) after 3 days of incubation in Mueller-Hinton broth at 30°C (Paenibacillus) or room temperature (Rhodococcus) are reported in Table 1 .
The complete sequences of the van-related genes in the two Paenibacillus strains were obtained after degenerate PCR amplification of the corresponding vanHAX clusters by long PCR using the Expand long template PCR system (Roche Diagnostics Corporation) with primers 1160 (5Ј-YATCGGCATTAC YRTTTATGGATGTGAG-3Ј) and 1661 (5Ј-AAAATAGCT RYTGGGGTATGGTTCG-3Ј). P. apiarius PA-B2B and P. thiaminolyticus PT-2B1 harbored putative D-Ala:D-Lac ligase genes with high identity to vanA (87 and 92%, respectively) and lower identity to vanB (76% for both strains) ( Table 2 ).
The partial sequences of the vanH-like (930-bp) and vanXlike (606-bp) genes in strain PA-B2B were 79 and 84% identical to the corresponding genes in Tn1546. The partial sequences of the flanking genes in strain PT-2B1 were even more closely related to vanH (92% based on 930 bp sequenced) and vanX (94% based on 566 bp sequenced). These values are the highest degrees of identity to vanA, vanH, and vanX that have been reported for nonenterococcal strains of environmental origin. Patel et al. (15) reported a gene cluster homologous to vanHAX in the biopesticide Paenibacillus popilliae ATCC 14706, but the levels of identity to the corresponding enterococcal genes were only 75% to 80%. Higher levels of identity (91 to 95%) were reported for the clinical isolate B. circulans VR0709 (9) .
The presence of genes closely related to vanA in Paenibacillus and Bacillus species suggests that members of these genera, and more generally gram-positive endospore-producing bacilli, could have played a role in the evolution or transfer of vanAmediated glycopeptide resistance. The GϩC contents of the genes in P. apiarius (48%) and P. thiaminolyticus (46%) were similar to that of vanA (45%) as well as to those of the genome of closely related species, such as B. subtilis (44%) but differed substantially from the GϩC contents of enterococci (38 or 39%). These data suggest that (i) vanA probably originated from nonenterococcal species and (ii) the direction of gene transfer is likely to be from Bacillus spp. or from other genera with a similar GϩC content to enterococci. Physical contact between members of the two bacterial populations is not unlikely in nature, since enterococci are widespread in the environment (7).
Lower levels of identity to both vanA (58%) and vanB (59 to 62%) were observed for the van-related genes in Rhodococcus strains based on the 378-bp sequences (Table 2) . Similar identity levels to vanA and vanB have been reported previously for glycopeptide-producing actinomycetes (10) . Although Rhodococcus spp. are actinomycetes, the putative D-Ala:D-Lac ligase gene sequences obtained from soil Rhodococcus isolates were quite different (76 to 77% identity) from those in glycopeptide producers. The same partial gene sequence was obtained from RT-S5F (most likely Rhodococcus tukisamuensis), RE-S7B (most likely Rhodococcus equi), and RE-5A1 (most likely Rhodococcus erythropolis). The sequence was 76% identical to that in Rhodococcus globerulus RG-S1F.
Phylogenetic analysis by maximum likelihood using fastDNAml (13) evidenced the close evolutionary relationship between vanA and the corresponding genes in P. apiarius, P. thiaminolyticus, and B. circulans. This was in contrast with the 16S rDNA divergence between these species and enterococci (Fig.  1) . The topology of the two trees was congruent only with respect to the group of actinomycetes and to the two species P. apiarius and P. thiaminolyticus, which formed two monophyletic groups in both trees (Fig. 1) . The difference in the natural logarithm of the likelihood between the two trees was significant on the basis of the test provided by fastDNAml. However, the ratio could be improved when vanA, vanB, and vanF (the van-related gene in P. popilliae) were manipulated to fit the 16S rDNA tree, providing an indication of the acquisition of these genes by horizontal gene transfer. The likelihood ratios of synonymous to nonsynonymous substitutions (ps/pn) calculated by SNAP (http://hcv.lanl.gov/content/hcv-db/SNAP /SNAP.html) without the Jukes-Cantor correction (8, 12, 19) indicated a positive Darwinian selection with a mean value of 3.4 and a tendency for higher ratios for vanB (4.6) and vanF (4.1). A positive rate is interpreted as purifying selection eliminating amino acid changes (19) . Thus, it appears that Darwinian selection acted at a similar level on all van-related genes and only limited changes occurred in the sequences of these genes because of random mutations, especially in vanB and vanF. Significant recombination within van-related genes was not detected by PLATO (5). This study shows that genes nearly identical to those encoding glycopeptide resistance in human pathogens occur in soil bacterial communities. This finding opens new perspectives in the study of the origins of glycopeptide resistance as well as resistance to other antibiotics produced by soil organisms. As a result of long-term exposure to antibiotics produced in situ, soil bacteria have had the physiological need to counteract the activity of antibiotics long before the introduction of these substances in human medicine. Soil bacteria are therefore likely to be the first organisms, together with antibiotic producers, in which resistance developed. Accordingly, more information on the occurrence and diversity of antibiotic resistance genes in soil bacteria would enforce the current knowledge on evolution of antibiotic resistance and shed light on the possible evolutionary pathways by which resistance originated in human pathogenic bacteria.
Nucleotide sequence accession numbers. The sequences of the van-related genes were submitted to GenBank and assigned the following accession numbers: AY648698 (P. apiarius PA-B2B, complete sequence), AY648035 (P. thiaminolyticus PT-2B1, complete sequence), AY648697 (R. globerulus RG-S1F, partial sequence), and AY648036 (Rhodococcus sp. strain RE-S7B, partial sequence).
FIG. 1.
Phylogenetic trees based on sequences of 16S rDNA and van-related genes in gram-positive bacteria. PA-B2B was identified as P. apiarius, and PT-2B1 was identified as P. thiaminolyticus. RG-S1, RT-S5F, RE-S7B, and RE-5A1 belong to the genus Rhodococcus.
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